ABSTRACT The absorption of zinc from meals based on 60 g of rye, barley, oatmeal, triticale or whole wheat was studied by use of extrinsic labeling with 65Zn and meas urement of the whole-body retention of the radionuclide. The cereals were prepared in the form of bread or porridge and were served with 200 mL of milk. The oatmeal flakes were also served without further preparation. The absorp tion of zinc was negatively correlated to the phytic acid content of the meal with the highest absorption, 26.8 Â± 7.4%, from the rye bread meal containing 100 fjtmol of phytic acid and the lowest, 8.4 Â± 1.0%, from oatmeal porridge with a phytic acid content of 600 jimol. It is con cluded that food preparation that decreases the phytic acid content improves zinc absorption. J. fiutr. 117, [1898][1899][1900][1901][1902] 1987.
INDEXING KEY WORDS:
â€¢rye â€¢barley â€¢oatmeal â€¢triticale â€¢whole wheat â€¢zinc absorption â€¢65Zn â€¢human Wheat is the main crop in a large part of the world and in many aspects it is the most studied cereal. How ever, the conditions for growing wheat in the northern part of the northern hemisphere are not favorable, and other less demanding crops such as rye, oatmeal and barley are grown and used for human consumption. One of the constituents in all whole grain cereals is phytic acid. We have previously shown a negative cor relation between zinc absorption and the phytic acid content of a meal based on wheat, and have reported that zinc absorption from a high phytic acid bread can be increased by increasing the fermentation time and thereby decreasing the phytic acid content (1) . Oatmeal and barley are mainly consumed as porridge. The effect of this heat treatment on phytic acid content and zinc availability is not known. In this study we measured the absorption of zinc from meals based on rye, oat meal, barley, triticale (the cross breeding of rye and wheat) and whole wheat prepared as bread or porridge and from oatmeal consumed as a raw breakfast cereal.
A tracer radionuclide technique with extrinsic la beling of the meals with 65Zn was used for the study. The validity of the extrinsic labeling method has been addressed in a limited number of human studies. Flan agan et al. (2) found no difference in zinc absorption from intrinsically and extrinsically 65Zn-labeled turkey meat. Using stable isotopes, Janghorbani et al. (3) found a lower absorption from an extrinsic label than from intrinsically labeled chicken. However, unlike radionuclides, stable zinc isotopes cannot be used in trace amounts and that might influence the results. In this study an in vitro digestion method was used to follow the behavior of the added zinc isotope and the native zinc of the meals to give an indication of possible lim itations of the extrinsic labeling technique.
MATERIALS AND METHODS
Subjects. Twenty-nine men and 11 nonpregnant women, aged 19-52 yr (median 22) volunteered for the study. They were all apparently healthy without any known gastrointestinal disorder. Their serum zinc lev els were 15.0 Â±1.5 and 13.6 Â±0.8 jjimol/L for the men and women, respectively, and were within the normal range of this laboratory. Informed consent was obtained from the subjects and the project was approved by the Ethical Committee and the Isotope Committee at the Sahlgren's Hospital. wheat as porridge. A bread was also made from 50% whole wheat and 50% oatmeal. The meals were extrinsically labeled by addition of 0.02 MBq (0.5 n,Ci) of 65ZnCl2 (Amersham International, Amersham, Buck inghamshire, UK) to the dough during preparation of the bread, to the porridge before heating or to the oat meal flakes 0.5 h before serving. To make the meals both isoenergetic and acceptable, 200 g of whole fat milk (3%) was added to the porridge and the oatmeal flakes and low fat milk (0.5% fat) and 5 g of butter to the bread meals. The activity of each individual meal was measured in the whole-body counter before serv ing. The porridge was prepared by adding 280-320 g of water and 1.5 g table salt and was heated in a micro oven for 12-20 min. The rising time for the bread was 60 min and the bread was baked at 200Â°Cfor 15 min.
Analytical methods. Portions of the freeze-dried food were analyzed in duplicate for their contents of nitro gen, zinc, iron, calcium, magnesium and phosphorus. All glassware was washed in 2.5 M HC1 and rinsed in deionized water before use. Zinc and iron were deter mined by atomic absorption spectrophotometry (Perkin Elmer model 360, Norwalk, CT), after dry ashing in Pyrex beakers overnight (450Â°C). Three drops of HNO3 (43% )was added and the ashing continued until a white residue was obtained. The ash was digested in 5 mL 5 M HCl and the beakers were covered with Parafilm (American Can, Greenwich, CT) and left overnight. The content was then transferred quantitatively to 100 mL flasks, diluted to volume and left for at least 4 h before analysis. Calcium and magnesium were determined by atomic absorption spectrophotometry after the wet ashing (290-300Â°C, 15 min) of 0.1 g freeze-dried sam ples in 1 mL concentrated H2SO4 with addition of 3 mL H2O2 (30%). If necessary, another 2 mL H2O2 was added and the tube was heated again until the digest was clear and colorless. Deionized water was added to volume and the samples were analyzed after addition of lanthanum oxide. The same digest was used to de termine phosphorus according to Fiske and Subbarow (4) . Reference standards for zinc, iron, calcium and mag nesium were prepared from Titrisol (Merck, Darms tadt, FRG). Reference standard materials for zinc and iron with concentrations representative of those found in the diet were run simultaneously and fell within the certified range [Orchard Leaves SRM 1571 and Bovine Liver SRM 1577(a), National Bureau of Standards, Gaithersburg, MD]. Reference materials from our lab oratory were used for control of calcium, magnesium and phosphorus analyses. The coefficients of variation for control materials of zinc, iron, calcium, magnesium and phosphorus were 3.1, 4.4, 4.1, 3.7 and 5.4%, re spectively. Nitrogen analysis was performed by a micro-Kjeldahl technique (Technicon Autoanalyzer, Ardsley, NY). Dietary fiber compounds were determined according to the method of Theander and Westerlund (5). One gram of freeze-dried samples was extracted with 800 mL/L ethanol (75 mL, 45 min) and hexane (50 mL, 30 min). Insoluble fiber and soluble fiber of the residue were isolated together by centrifugation after enzymatic removal of starch (with a thermostable aamylase and amyloglucosidase) and precipitation of sol uble fiber in 80% ethanol. Neutral polysaccharides in the dietary fiber fractions were analyzed as alditol ace tates by gas chromatography and Klason lignin gravimetrically. Phytate was determined as phytate phos phorus by a modification (6) of the iron-precipitation method of Ellis, Morris and Philpot (7). Samples of 0.5 g freeze-dried food were extracted with 20 mL 0.5 M HCl containing sodium sulfate (50 g/L), filtered through a Munktell OOH filter (Stora Kopparberg, Grycksbo, Sweden), frozen overnight and filtered through an MFMillipore (Bedford, MA) filter (0.10 (Â¿m pore size) under pressure. Each sample was then precipitated with ferric ion and phytate phosphorus determined in the precip itate.
Zinc absorption measurement. The absorption of zinc was determined from the measurement of whole-body retention of the isotope 14 d after intake of the labeled meal (8) . Allowance was made for endogenous excre tion of 65Zn during this time (approximately 14% of retained activity in 14 d) by use of the mean retention function found for endogenous excretion of zinc in an other group of healthy subjects (8) to obtain the ab sorption value. Each subject participated twice and the second time allowance was also made for residual ac tivity from the first meal. The whole-body counter used consisted of four large plastic scintillators in a floorroof configuration connected to a multichannel ana lyzer system (Nuclear Data 660, Shaumberg, IL) and enclosed in an iron room with 150-mm-thick walls. The total effective counting time was 100 s and the estimated total body radiation dose for a typical ab sorption value was 0.22 mSv (22 mrad). The labeled test meals were randomly assigned to the subjects the morning after 12 h fasting and measurement of subject background activity. No other food was allowed during the following 3 h.
Dialyzable zinc after in vitro digestion. The effect of in vitro digestion on stable zinc and added 65Zn was studied by a combination of the methods described by Hallberg and BjÃ ¶rn-Rasmussen (9) and Miller et al. (IO) . Weighed amounts of the cereals or freeze-dried bread or porridge were transferred to six Erlenmeyer (Duran, Schott Glaswerke, Mainz, FRG) flasks. To two of the flasks 50 mL of saline (2 g NaCl/L) was added; to the other four, 50 mL of "gastric juice" [0.32 g pepsin (Sigma Chemical No. P-7012, St. Louis, MO), 2 g sodium chlo ride and 10 mL hydrochloric acid (25% ) diluted to 1000 mL] was added. To each flask 0.02 MBq 65Zn was added. Segments of dialysis tubing (molecular weight cutoff 6000-8000, Spectrapor 1, Spectrum Medical Indus tries, Los Angeles, CA) containing 15 mL of saline or gastric juice without pepsin were placed in the two flasks with NaCl and in two of the flasks with gastric juice, respectively. The flasks were sealed with Para-film (American Can), and incubated in a 37Â°C shaking waterbath for 30 min for the samples in saline and 2 h for the other samples. The dialysis tubes were removed and the zinc and 65Zn contents determined. The con tents of the two remaining flasks were adjusted to pH 8 by adding drops of ammonium hydroxide (25%).Trypsin (30 mg) (Sigma Chemical No. T-8253) was added and the flasks were incubated at 37Â°Cwith dialysis tubing containing 15 mL of gastric juice (without pep sin) adjusted to pH 8. The dialysis tubes were removed after 4 h and the content of zinc and 65Zn determined.
Statistical methods. Comparisons of absorption from the meals were accomplished by analysis of variance and Duncan's new multiple-range test by a computer package (Mulreg 800, Idatron HB, LinkÃ ¶ping, Sweden).
RESULTS
The chemical composition of the meals and the ab sorption of zinc are given in Table 1 . Barley flour had a lower mineral content than the other cereals and also the lowest phytate content. The phytic acid content of 60 g of the raw cereals was 350, 610, 660, 730 and 590 H,molfor barley, oatmeal, rye, triticale and whole wheat, respectively. The heat treatment of the porridge re duced the phytic acid content of the rye flour but had a minor effect on the phytic acid content of the other cereals. A reduction of phytic acid was seen when the bread was prepared, especially for the rye in which only 15% of the phytic acid of the flour remained in the bread after baking. The fiber content, determined as nonstarch polysaccharides, was slightly higher in the rye and triticale flour than in the other cereals. Barley had the lowest content of lignin components.
The highest fractional absorption of zinc, 25.6 Â±6.7 and 26.8 Â±7.4%, was seen from the rye flour meals, significantly different (P < 0.05) from the other cereals. The absorption from the barley bread differed from that of the other cereals (P < 0.05) but not from the barley porridge. Only small differences were observed be tween the other meals, and the lowest zinc absorption, 8.4 Â±1.0%, observed from the oatmeal porridge, was significantly different (P < 0.05) only from the raw oat meal and the barley and rye meals. A tendency of higher absorption from bread than from porridge prepared from the same flour was observed which, however, did not reach statistical significance. A negative correlation be tween zinc absorption and the phytic acid content of the meal was found (r = -0.5, P < 0.01).
Only small amounts of zinc and 7-16% of 65Znwere dialyzable when the food samples were mixed with saline ( Table 2 ). Digestion in hydrochloric acid and pep sin released 66-82% of the native zinc in barley, oat meal, triticale and whole wheat and 46 and 50% in the two rye meals. Adjustment of the acid digest to pH 8 and trypsin digestion reduced the dialyzable zinc to 5-14% in all meals except the rye meals in which 29 and 41% were found in the dialysate. Similar distribution of 65Znas of native zinc was observed at both pH levels.
DISCUSSION
The percent absorption of zinc found in this study is similar to that observed from bran containing meals (1) . From a meal with 10 g of bran and 500 (Â¿mol of juice IpHSJZn4129658956146"Zn354266101666219 phytic acid, 9.6% of the zinc was absorbed, which is similar to the findings for the oatmeal, whole wheat and triticale porridge with 420-615^mol of phytic acid in this study. When the bran was fermented in bread for 16 h and the phytic acid decreased to 110 jjumol the absorption of zinc was 19.8% and comparable to the rye meals and the barley bread in this study with 100-150 (Jimol of phytic acid and mean absorption figures of 19.7-26.8%.
Preparation of cereal as porridge had little effect on the phytic acid content and probably inactivated the phytase. We have recently shown that extrusion cook ing of a bran product prevents small intestinal degra dation of phytate and has negative effects on apparent zinc and magnesium absorption (11, 12) . The lower zinc absorption found when the oatmeal flakes were pre pared as porridge cannot, however, be explained by inactivation of phytase as the flakes already were heat treated. It is possible that the heat treatment as such, changes physicochemical properties, e.g., of the fiber components, in a way that interferes with zinc absorp tion. However, these results are consistent with those from earlier studies of wheat bran, and the observation of the highest absorption from the rye flour with the highest fiber content indicates no specific effect on zinc absorption of the fiber components of the cereals. The conclusion that phytic acid rather than fiber affects zinc absorption negatively is also in agreement with the results obtained by Turnlund et al. (13) . Addition of a-cellulose to a low fiber diet had no effect on zinc absorption, whereas addition of phytate to levels found in cereal-based diets reduced zinc absorption signifi cantly. The molar ratio between phytic acid and zinc has been suggested as an index of zinc availability (14).
Davies and Olpin (15) showed that adjusting the phy tate to zinc molar ratio to a range of 0:1 to 40:1 impaired rates of weight gain in rats at ratios > 15:1. Lo et al. (16) found that a phytate-to-zinc ratio equal to or greater than 12.5:1 reduced 65Zn absorption from a soy-based diet in rats. In this study this ratio was approximately 15 in the porridge meals except rye and was reduced to 3 in the rye meals. When the data obtained in this study and earlier studies of bran-and cereal-based meals (1, 17) are evaluated together low zinc absorption values, less than 15% are consistently observed above a phytic acid content of approximately 500 (xmol or a molar ratio of 5:1 (18) . Studies of soy protein meals indicate that the molar ratio of phytic acid to zinc is a useful indi cator of the degree of the zinc absorption only in rel atively low protein-high calcium meals but not in meals with a high protein content (19) . In the present study the content of other nutrients analyzed showed rather small variations and could not explain the observed differences in zinc absorption.
A possible explanation of the higher absorption from the oat flakes than from the porridge would be an in complete isotope exchange. The in vitro digestion re sults indicated that the raw oatmeal flakes were more resistant to digestion than the cereals that had been subject to longer heat treatment. Although the in vitro results also showed a similar behavior of the 65Zn the possibility cannot be excluded that the isotope ex change between zinc and 65Zn in the test meal was incomplete in the oatmeal flakes. If a smaller amount of zinc was labeled, the observed degree of absorption could be an overestimate of the true absorption from the meal, as the fractional absorption of zinc increases when the amount of zinc decreases (20, 21) . For the other meals the isotope was carefully mixed into the dough or porridge, which ought to have facilitated iso tope exchange. The in vitro observation that at low pH 50-80% of the zinc is dialyzable and thus in the form of low molecular zinc or "free" ions also indicates that isotope exchange takes place and is an indirect vali dation of the extrinsic labeling technique. The small differences observed in dialyzable zinc and 6SZn could partly depend on the low levels of zinc and 65Zn in some of the samples. For safety reasons it was, however, not suitable to increase the radioactivity given.
The in vitro method used in this study is similar to a method proposed for estimating iron availability from food (10) . The observed difference in dialyzable zinc between the rye meals, from which the highest zinc absorption was observed, and the other cereals suggests the possibility that further development of this in vitro method could give information about the availability of zinc.
In conclusion, when phytate-rich cereals constitute a major part of the total zinc intake of a diet, food preparation or other processes that reduce the phytic acid content can significantly improve the absorption of zinc.
